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CELESTIAL  SPHERE. 


Z,  zenith.     F,  poie.     HWNE,  hoi  izon.     EQW,   equatui  . 
EZW,  prime  vertical. 


INT&ODUCIOJrf, 

The  first  section  of  this  papsi   is  a  brief  discus  a  ion  of 
ihe  various  methods  used  in  determining  the  astronomical 
latitude  or  places  on  the  eartn's  surface.       This  section  i3 
followed  by  a  detailed    discus's  ion  of  a  determination  of  the 
latitude     of  the  Zenith  Telescope  of  the  Astronomical  Labora- 
tory of  Harvard  College  at  Cambridge,  Massachusetts. 

3 EC II ON  I. 
Latitude  Determination. 
The  Astronomical  Latitude  of  a  place  on  the  earth's  Bur- 
fade  i3  the  declination  of  its  zenith,   that  is  to  say,   the  ate 
ZQ  in  the  figure •     This  is  obviously  equal  to  FN,    the  altitude 
of  the  pole. 

#Fossibly  the  mo3t  direct  ana  fundamental  method  of  deter- 
mining the  latitude  (f> ,  a3  uefined,   is  by  means  of  the  Meridian 
Altitude  or  zenith  distance  of  a  3tar  of  known  declination 
measured  with  the  meridian  circle  or  similar    instrument.     If  g 
is  the  zenith  distance    of    a  star  of  declination  8    when  it 
crosses  the  meridian  then, 

4>=8±§  (i) 

the  sign  dependinj  on  whether  the  star  is  north  ox  south  of  the 
zenith. 

#  Special  methods,  such  as  those  used  at  sea,  approxiraa* 


If  it   is  not  convenient  to  observe  the  3tai   when  it  crosses 
the  meridian,   its  alt  it ude  at  3ome  other  known  time  ma.,  be 
observed,    (as       ) ,     and   the  trianjle  ZF3  soivea  for  the  co- 
latitude  ZF.     A  study  of  the  effect     of  errors  in  the  observed 
altitude  and  time     u^on  the  lesultin^,  values  of  the  latituae, 
(3ee  Chauvenet'3  Astronomy,  Vol.   I,  Ait.   166. ) ,   shows  that  the 
effect  is  at  a  minimum    when  the  observation  la  in  the  meridian, 
(i.e.  when  the  first  of  the     suggested  methods  is  used),  and  at 
a  maximum  when  it   is  in  the  jjiime  vextical.     It  id  al30  shown 
that   the  mean  of  two  results  obtained  from  altitudes  of  the  Same 
star  at  equal  distances  east  and  west  of  the  meridian  is  free 
from  small  errors   in  the  time. 

In  the  geodetic  surveys  of  France  and  Germany,  latitude 

determination  by  means  of  circum-meridian  altitudes  has  been 

stated  in 

much  used  a3  a  result  or  the  conelusions        the  la3t  paragraph. 
In  this  method  a  number  of  observations  are  made  on  a  star 
on  either  side  of  the  meridian,   at  3uch  times  that  pair   b.,  jpali 
the.,   are  at  equal  di3tance3  from  it.   These  obsei vat  ions  may  be 
reduced  to  the  meridian  in  any  one  of  several  ways,   the  methods 
of  Delambre  and  of  Jau33  beinj;  amon^  those  most  fcommonlj  used. 


tion3,   and  the  various  altitude  methoas     b„.  means  of  which  the 
time  a3  well  a3  latitude  is  found,  are  not  germane  to  the  dis- 
cussions of  this  paper   and  are  not   included  in  it.       The  same 
may  be  said  of  the  detailed  descriptions  of  methods  of  observa- 
tion,  of    reductions,  and  of  the  special  formulae  used. 
For     such  discussions  see  Chauvenet'3  A3ti onomy. 


/ 

It  will  be  noticed  that  in  the  methods  di.3cu3.3ed  thua  far 
the  declination  of  the  star  enters  as  an  important  factor.  Any 
eiror  in  declination  is  introduced  directly  into  the  resulting 
latitude.  The  effect  of  such  error  on  the  latitude  determined 
from  an  altitude  observation  at  known  time  i3  at  a  minimum  when 
the  3tar  u3ed  i3  a  c ircum-polar  at  exoneration.   The  latitude  as 
determined  from  the  altitude  of  Polar  is, %  ,   i3  thus  largely 
free  from  declination  errors.     The  reduction  to  the  meridian 
is  easily  performed.   In  this  method,   however.,  a3  well  a3  in  the 
others  discussed  to  this  time  the  uncertainties  of  refraction 
are  an  important  factor  in  determining  the  accuracy  of  the 
results . 

In    1824  Bessel  first  pointed  out  the  advantages  of  the 
use  of  the  prime  vextical  in  determining  latitude.   Half  the 
time  interval    between  the  transit    of  a  star  across  the  prima 
vertical  east  and  the     prime  vertical  we3t  ^ives  the  hour-angle 
In  the  rigjht  spherical  trianjle  ZP3  from  which    the  co-latitude 
Zp  may  be  determined  if  the  declination  is  known.     Moreover-  it 
is  apparent  from  the  solution  that  if  the  declination  and  lat- 
itude are  nearly  equal,   i.  e.     if  the  star  paaaaa  near  the 
zenith,  any  error  in  the  time  will  effect  the  resulting 
latitude  but  little.     Any  constant  error  in  the  clock  correction 
will  obviously  have  no  effect  on  the  result  in  any  event.  And 
from  the  considerations  3uj,^ested  above    an  error-  in  the  xate 
will  not     vitiate  the  xe3ult   if  the  star   pa33es  near   the  zenith. 

This  method  ia  simple  in  application  and  admits  of  a  high 


decree  of  precision.  Put,  it   is  obvious  that,  though  difficulties 
of  refraction  are  absent  errors  in  declination  enter  into  the 
final  determinat ion.  This  is  the  more  important  since  the 
number  of  stars  passing  near  the  zenith    in  any  locality  is 
limited    and  it  may  be  difficult  to  find  enough    with  well  deter- 
mined declinations  to  supply  a  working  list* 

There  remain  to  be  di3cu3sed  two  methods  of  a  high  degree 
of  precision.     The  first  of  these    diffess  from  the  ones  30  far 
discussed  in  being  practically  independent    of  the  declination* 
ihe  second  is  largely  independent  of  errors  in  refraction  and 
has  certain    practical  advantages  over  the  prime  vertical  method 

If  the  altitude  of  a  c i 1 cum-polai   3 lai    is  measured  at  its 
upper  culmination,   3M  ,  ana  ajain  at  its  lower  culminat ion,  , 
it  is  apparent  that  the  mean  of  these  altitudes  is  the  altitude 
of  the  pole,  P,   i.e.   the  latitude  of  the  place.  As  stated  above 
the  great  advantage  of  this  method  is  that     it  is  largely  free 
from  errors  in  the  declination  of  the  stav,  and  is  therefore 
from  this  standpoint     independent  of  the  work  of  other  observers 
In  very  accurate  work  the  3lighi     change  in  altitude  aue  to 
precession  and  nutation  over   a  period  of  twelve  hours  would  be 
introduced.  But  any  error   in  the  declination  used  in  thi3  calcu- 
lation would  not  appreciably   affect  these  minute  corrections. 
Aside  from  the  disadvantages     and  difficulties  in  the  actual 
observations,   the  objection  to  this  method  is  that  an.,   error  in 
refraction  is  present   in  the  final  result,     This  frequently 
becomes     a  serious  obstacle  to  its  use,   especially   in  low  lat- 
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itudes.     A  variation  of  this  method  foi  places  near   the  equator 
is  found   in  the  determination  of  the  latiiuae  by  means  of  the 
men idian  zenith  di3tance3  of  the  sun  at   the  summei   and   the  winter 
30I3 1  ices .       If  %    and         are   the  two  zenith  ai s  tances  and  £ 
the  obliquity  of  the   ecliptic,   for  the  summei   solstice  we  have 
J>  -+-  £    j    and  for  the  w Intel   solstice      (j>  —  £  -  £ 

Theie  aie  practical  objections  to    a  method  of  determination 
extending  over  3uch  a  period  of  time,   such  for   instance  a3  the 
variation  in  E.     As  the     3un  will  not  a3  a  rule  be  in  the 
me  i idian    at  the  solstice,   it  is  usually  necessary  to  reduce  its 
altitude  to  that  position*   It   is  obvious  that  the  sun  at  the 
time  of  any  particular  solstice  can  be  observed  at  but  a  limited 
number  of  places.     The  main  theoretic  difficulty  with  the  method 
is     the  matter  of  refraction  mentioned  above. 

The  errors  in  refraction  may  be  reduced  to  a  value  that  is 
practically  negligible  in  the  Zenith  Telescope  method,  the 
essential  features  of  which  are  due  to  Captain  Andrew  lalcott  of 
the  United  States  Corps  of  Engineers*  though  errors  of  declina- 
tion affect  the  results,   the  list  of  available  stais  for  any  one 
locality  is  large,  and  b,   careful  3election  this  difficulty  may 
to  3ome  extent  be  overcome.     This  becomes  inci easingly   true  as 
new  and  carefully  corrected  star  lists  aie  added  to  tho3e  already 
extant.     The  advantages  already  noted  together  with  otheis  to  be 
pointed  out  in  the  detailed  discussion  of  the  method  which 
follows,  unite  to  make  thi3  method  the  most  accurate  as  yet 


devisee.     Chauvenet  sa;vs  of  it,   (Spherical  ana  Practical  Astro- 
nomy, Volume  II,  page  3<*0.),   "The  method  or  rinding  the  latitude 
by  this  instrument,  now  known  as  lalcott'a  method,   i3  one  of  the 
most  valuable  improvements  in  piactical  astronomy  of  recent 
years,  surpass in.j,  all  previous  methods  (not  excepting  that  of 
Be3sel  by  piime  vertical  transits)   both  in  simplicity  and  accui- 
a  c  y .  ■ 

In  this  method  U3e  is  made  of  two  3 tars,  \  3^    ,  one  of 

which  crosses  the  meridian  north  of  the     zenith  and  the  other 
3outh  of  it.   If  6.   8t  1       *  and  %  are  the  aeclinat  ions  and  true 
zenith  distances  of  the  north  and  south  stars  respectively, 
formula  (1)  becomes; 

The  zenith  distances  of  the  two  stars  should  be  about  equal 
for   two  important  reasons;   first,   the  coiroetion  for  refraction 
will   then  be  a  differential  correction  and  hence  very  small, 
second,   the  difference  in  the  observed  zenith  distances  ma> 
then  be  made  to  depend  on  fi^ar -micrometer  reading,   i'he  vertical 
circle  of  the     zenith  telescope  is  thus  used  simply  as  a  finder 
in  order   to  brin/5  the  micrometer   into  position  foi  observing  the 
star  3.  Any  change  which  may  take  place  in  the  position  of  the 
vertical  circle  dux  in^  the  obseivaiion,    (   in  particular'  when  the 
position  of  the   instrument   i3  chan-ed  between  the   transits  of 
the  two  stars),   is  recorded  by  a  level  bubble  both  end3  of  which 
are  read     as  near  the  time  of  transit  as  possible,    ihe  formula 
with  the  micrometer,   refraction  ana  level  term3  is  as  follows; 


11 


where ; 

r  is  the  value  ol'  one  tuin  of  the  micrometei  head. 

and  ¥N  are  the  micrometer  readings  on  the  south  ana 
north  stars  respect ivelj  . 

d  is  the    value  of  one  division  of  the  level  babble. 

ns  and  s„     are  the  north  and  south  level  readings  for  the 
3outh  star. 

n„  and  s^     are  the  north  and  south  level  readings  foi  the 

r%  Pi 

north  s tax . 

(P,.  -hH  )  i3  the  diff erent iai  refraction*  # 

In  the  latitude  determination  which  follows     it  will  be 

3een,   (Section  V) ,  that  the  attempt  has  been  made  to  overcome 

in  so  far  a3  possible     the  main  objection  to  the  method  bv. 

consulting  various  reliable  sources  a3  to   the  declinations 

involved . 

#Another  term  must  be  added  to  thi3  formula  to  make  it 
applicable  to  cases  where  the  zenith  distance  i3  measured  when 
the  star  is  neai   but  not  on  the  mei idian.     No  such  obseivations 
aie  con3ideied  in  this  papei  and  hence  the  term  is  omitted. 
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SECTION  II. 
The  Instrument. 
Preliminary  Work. 

The  Zenith  Telescope  of  the  A3tronomical  Laboratory  oi' 
Harvard  College  i3  of  Lhi ee  inch  aperture  and  is  mounted  on  two 
granite  pillars.   The  filar-micrometer  is  of  the  usual  form*  On 
either1  side  of  the  meridian  wire     there  are  wires  parallel  to  it. 
There  are  five  movable, 1.  n.     horizontal  wires  governed  by  the 
micrometer  screw,   The  field  i3  illuminated  b„.   small  electric 
bulbs  in  the  ends  of  the  horizontal  axis,   the  amount  of  illumi- 
nation bein^  governed  b.>   the  turning  of  a  minor.  During  the 
work  here  dsscribed  a  3injle  level  bubble  was  U3ed.   The  necess- 
ary  instrumental  constants  were  supplied  by  the  Director  of  the 
Laboratory,    ("See  Table  I),  whose  statement  was  al3o  accepted  a3 
to  the  adjustment  of  the  instrument. 

From  the  "Catalogue  of  the  Mean  Declination  of  2018  3tar3 
for  January  1,  1875",  T.  H.   Safford,  and  the  "Sternverzeichnis  -- 
--  ftttf  das  Jahr  1900.0*,  J.  ana  R.  Ambronn,  thirty-eight  star3 
were  selected  for   use  in  this  work.   Two  of  these  stars  were  later 
rejected  as   they  were  too  near-  the  sun  for   observation.  The 
thirty -3ix  remaining  3tars  ^ave  twenty- two  pairs,  a3  une  group  of 
three  star  3  ^ave  two  pairs  and  another  group  of  five  jave  six 
pair3. 

In  order-  that  both  3  tars  of  a  pair  might   be  observed  in  the 
field  of  the  micrometer   with  the  3ame  vertical  circle  reading, 
care  wa3  taken  to  select  pairs  in  which  the  difference  of  the 


TABLE     I . 

Constants  used  for  reducing  ob3ei vat iun3 . 


One  1  evolution  of  the  micrometer  head  equals,  55S115 
One  division  of  the  level  bubble  ec^als,     iljji  # 


Y/ire  Intervals. 

Ill  to  I,  -19. jo/  Levolutiun3. 

1 1 [  to  I  I ,  -  9. 680  " 

III  to  IV,  +9.780 

II  r  to  V,  -1-19.656 


The  cun3Lant3  ^iven  above  wexe  supplied  by  the  Director 
the  Laboratory. 

Table3  of  decimal  uart3  were  constructed  for  ^ur^oses 
of  reduction. 


Diff eient ial 
(See  Hayford's  Jeodetic 


Fail 

Faix 

II 

+  .18 

IX, 

III 

*■  .10 

X 

IV 

■t-  .23 

XI 

V 

+  .13 

XII 

VI 

-  .0^ 

XIII 

VII 

+  .02 

XIV 

VII  I 

-  .Oo 

XV 

ix, 

i"  .1^ 

XVI( 

ief i act  ion. 
Ast ronomj  Art.   304.  ) 


Fair 

+■  .03 

XV I  ^ 

-  .03 

+  .09 

XVI, 

-  .1/ 

-  .10 

XVI, 

-  .08 

+  .Oo 

XVI, 

-  .Oo 

+  .0.^ 

XVI6 

+  .0-* 

-  .03 

XVII 

-.Oo 

-.16 

-.^ 
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zenith  distances  did  not  greatly  exceed  ^0',     an  approximate  value 


ascen3ion3  for  the  two  stars  of  a  pair  was  in  most  cases  not 
less  than  two  minutes  of  time.     It  was  thus  possible  to  complete 
the  readings  accurately.  At  the  same  time  no  interval  Was  of 
sufficient  length  to  introduce     too  large  a  chance  of  error  from 
outside  causes  acting  on  the  instrument.       The  stars  weie  mainly 
of  the     fourth,  fifth,  and  sixth  magnitudes,   the  total  range 
according  to  the  oafford  Catalogue  being  from    2.3  to  o.o. 

Following  the  selection  of  the  list,   the  mean  places  of  the 
stars  were  reduced  to  ib09.0.  A3  the  epoch  of  the  Safford  Catal- 
ogue la  1875.0,     the  precession  of cx  and  of  6  for  the  midale 
e^och  was  determined  in  each  case  from; 


The  ex.  and  6  of  (4)  ana   (o)  were  determined  for  the  midale  epoch 
1892,   bi  tiling  the  precession  for  lb'/o  as  given  in  the  catalogue. 
The  value  of    m  used  was     46*088    and  the  value  of  the  logarithm 
of  n  used  wa3  1.30  2174.   In  cases  wheie  the  proper  motion  was 
known  that  correction  wa3  of  course  made  first*     A3  an  illustra- 
tion of  the  method  the  reduction  of  Safford  764  is  given  on  the 
following  page.  A3  the  epoch  of  the  Ambronn     catalogue  is  1900.0 
the  yearly  variation  as  given  in  the  catalogue  wa3  used  directly 
for'  bringing  the  position  to  1909.0.  When  thi3  work  had  been 
completed  the  zenith  distance  for  each  star  and  the  vertical 
circle  settings  for  each  pair  wore  determined. 


of  cp  being  assumed  for  this  work.   The  difference  in  the  right 


dbb 


(o) 


deduction  of  the  mean  place  of  oafford  /6t  oo  1909.0. 

(See  preceding  paje. ) 
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This  table  is  a  copy  of  the  Observatory  working-list 
compiled  from  the  data  deteimined  as  described  in  the  precedin 
page.       The  columns  in  order  from  the  left  ^ive;  1)   the  pair, 
2\   the  Safford  ex  Ambronn  star  number,  3)   the  magnitude, 
4)  oc(1909.0),     5)  6(1*09.0),       6)   and   /)   the  zenith  distance 
north  or  south,     8)   the  vertical  circle  setting. 
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It  was  also  necessary   lo  determine  the  apparent  declinations 
for  the  stars  at  the  time3  of  the  various  observations  for  use 
in  the  reductions  with  formula  (3).   In  order  that  the  work  of 
reduction  mi^ht  be  carried  alonts  during  the  period  of  observation 
as  a  check  on  the  work,  an  ephemeris  with  five  day  intervals 
was  prepared     of  apparent  declinations  for-  the  period  of  observa- 
tion.    The  Independent  3tar  Numoers  were  used,   the  formula  fox 
the  declination  beinj  as  follows;     (lee  Chauvenet,  Vol.   I,  p  uoO). 

S  —  8  +         6  +  TJA  +  £j&0\        <*)  -f-  A  &<R  (H+($A*v^6. 
An  illustration  of  the  method  of  reduction  to  apparent  place 
folio  v.  s ; 

Keduction  of  ^afford  7u4  to  apparent  place  for 
August  11,  1909. 
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The  values  of    iY&+-<S)  were  determined  for  the  various  paii3  on 
the  dates  of   the  ephemeri3.  As  the  intervals  were  short  it  wa.3 
assumed  in  the  interpolation  that  the  variation  of  y(S  +  S  )  wa3 
uniform.  Table  III   is  a  copy  of  the  ep heme  lis. 
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Apparent  Declination. 
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SECTION  III. 
Observatory  Work. 
The    observations  bejan  July,  8,  1909  and  ended  August  14, 
1909.     Observations  were  made  on  twenty- three  different  nij,ht3 
there  bein^,  altogether  467  different  observations  on  stars  not 
including  those  that  were  incomplete  oi  led  to  no     result.  The 
work  as  a  rule  be^an  a  few  minutes  after  3un-sct.     The  chief 
difficulty  encountered  in  the  worx  of  observing    was  the  tremor 
produced  by  the  city  traffic,  particularly  the  heavy  electric- 
cars  on  Massachusetts  Avenue  near  by.     The  image  was  frequently 
unsteady  at  the   time  of  transit,   the  larger  component  of  the 
oscillations  being  as  a  rule  parallel  to  the  vertical  wire. 
Occasionally   the  jar  was  30  heavy  as  to  cause  the     bubble  to 
run  during  the  observation.  When  the   tremor  W&.8  so  marked  a3  to 

cause  3erioua  doubt  as  to   the  value  of  the  observation,  a  note 

the  size  of 

was  of  course  made  on  the  record.     To  what  extent^the  probable 
error  of  the  final  result  is  due  to  thi3  difficulty  it  is 
impossible  to  tell. 

The  first  six  columns  of  Table  IV  are  copied  from  the 
original  notes  of  the  observations.     The  notes  themselves  will 
be  found  at  the  end  of  this  paper. 


TALLE  IV. 


Observations  and  hec.uction3. 


deduction  Formula; 


The  columns  of  the   fable  i'rom  lefi   to  ri^ht  are  as  follows; 
1)   the  pair,  ^)   the  direction  from  the  zenith,  6)  level  readings 
for   both  ends  of  the  bubble,  4)   the  micrometer  reading,  5)  the 
wire  on  which  the  star  was  at  time  of  transit,   o)  date  and  remar- 
ks,   /),  6),  9),  and  10),   the  various  terms  of  the  i eduction  in 
the  oider  of  the  formula,    ('lee  typical  reduction  below),     ±±)  the 
seconds  of  the  reduction,    (the  decrees  and  minutes  being    42  and 
22,  respectively  in  each  case.) 
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Note;  The  readinj,3  in  the  micrometer  column,  (save  in  one 
instance,  i.e.  pair  II,  July  l«i)  ,  are  for  the  wiie  on  which  the 
transit  occurred.  These  readings  differ  bj  exactly  ten  units 
from  the  readinjs  for  wire  III  in  the  cases  of  wire3  II  and  IV, 
and  by  exact!:  twenty  unit3  for-  wire3  I  and  V.  In  the  reduction 
the  readings  are  fir3t  reducea  to  wire  III  and  the  correction  for 
the   interval  made  lateA . 
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SECTION  IV. 

deduction  of  Observations. 

In  30  far  as  time  permitted  the  observations  were 
reduced  during  the  period  of  the  Observatory  work,   so  that 
it  was  possible  to  te3t  the  results  to  some  extent  from  aa^ 
to  day.     The    reductions,  with  the  results,  are  jjiven  in  the 
final  columns  of  Table  IV. 

Early  in  the  work  it  wa3  noticed  that  there  were  var ia- 
tions  of  considerable  magnitude  in  the  results  obtained.  For 
instance,  on  Jul..   17th     the  results  ranjed  f  i  om  31*96  for 
pair   VIII  to  39. oo  foi   pair  XV.   These  discrepancies  aid  not 
tend  to  become  less  marked  a3  the  Observer    grew  more 
familiar    with  the  Instrument  ana  with  the  method  of  obseiv- 
ation.     On  July  £'7th    pair  VIII  gave    31.6b  and  pair  XV  gave 
41.66.     It  was  noticed,   however,     that  the  results  ai  e 
r  easonably  con3i3tent  when  those  for  a  single  pair  ai  e  group- 
ed together,  a3  in  Table  V.       Thi3  fact  led  to  a  3u3picion  of 
ei rors  in  the  declinations  u3ed.     A  brief  search  3eived  to 
disclose  an  error    in  the  declination  of  one  of  the  stars  of 
pair  VIII  as  given  bj   Safford  of  sufficient  size  to  account 
for  the  low  values  given  bj   that  pair*     But  in  the  ca3e  of  a 
number   of  other  pairs     which  constantly  gave  values  at  3ome 
distance  from  the  mean,  no  such  error   in  declination  wa3 
discovered     during  the  brief  search  made  at  the  time. 

It  wa3  thought  best  to  leave  for  a  later  period  a  com- 
plete discu33ion  of  the  question  of  the  declinations,    (  See 
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TABLE  V. 
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section  V  ),  and,   in  30  far  as  it  was  .J033iDle,   to  test  the 
instrumental  values  for  constant  eiiois.     In  passing  it  may 
be    noted  that  the  clif  f  ei  ent  ial  refraction  collections, 
though  constant  foi   any  pair  throughout  the  pei iod  of  observa- 
tions, were  nevertheless  too  small  to  cause  such  variation, 
the  maximum  value  U3eu  in  an.,   case  being    onl^  0.^3". 

An  examination  of  the  level  corrections  a3  given  in 
Table  IV  will     show  that  during  the  first  part  of  the  ^ei ioa 
these  are  large  enough  to  cause  the  variations  undei  di3cus- 
sion.     Later  on  the  attempt  was  made,  with  3ome  degree  of 
success,   to  i educe  the  level  collections  to  smallei  amounts 
by  "checking  up"  the  level  reading  with  the  propel  3low  motion 
screw  aftei   the  telescope  had  been  reversed  between  the 
transits.     In  cases    of  pairs    where  the  light  ascensions  of 
the  two  stars  differed     by  les3  than  three  minutes  of  time 
it  wa3  difficult  to  do  thi3  level  checking  with  any  degree 
of  accuracy.     Pairs  X,  XIII,  XV,  anu  XVII,     which  wei e  the 
only  ones  with  time  inteival3  of  le3S  than  thi ee  minutes, 
atill  show  relatively  large  collections.  Excepting  these  ^aiis 
there  was     but  a  3ingle  level    collection  after  Jul,,  ^th 
that  exceeded  6" ,   the  collection  for  paii  VII  on    August  /th 
which  was  -d.^lo".     For  the  rest  of  the  observations  le33  than 
one  collection  in  five  exceeded  1".     3ince  the  lever  collect- 
ion is  not  constant     but  compensating  in  the  case  of  an, 
partioulax  pair,     it  was  not  of  cuuiae  to  be  expected  that 
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the  regular  variation  of  a  pair  from  the  mean  could  be  explain- 
ed by  assuming  an  error  in  the  level  constant.  Moreover,  a 
comparison  of  the  earlier  results  in  any  pair  with  the  later, 
and  of  the  results  for  pairs  X,  XIII,  XV,  and  XVII  with  the 
results  foi   the  other-  paix3  does  not  r  eveal  ir regularities 
that  appear  to  be  traceable  to  such  an  error. 

The  micrometer  constants  remain  to  be  considered.  As  a 
be^inninj,  an  attempt  wa3  made  to  test  the  screw  for  irttftgular- 
itie3  by  taking  transits  of  3low  moving  stars*   ihe  micrometer 
box  was  rotated  throujh  ninety  decrees  thus  placinj  the 
movable  vires  parallel  to  the  meiidian.  A  suitable  star  of 
known  declination  having  been  selected,  a  record  of  its  tian3it3 
wa3  made  with  the  chronograph ,   the  wire  used  bein^  advanced 
beyond  the  star  one  01  moie  revolutions  of  the  micrometei  head 
after  each  transit.     A3  the  value  of  this  work  depended  almost 
entirely  on  the  possibility   of  ^ettin^  the  transits  accurately 
the  tremor  due  to  city   traffic,   (  see  lection  lit   ),  became  a 
matter  of  ^reat  importance.     It  was  very  soon  apparent  that  the 
results  of  thi3  method  of  testing  could  hardly  be  trusted  in 
work  of  thi3  charactei .     Ihe  length  of  time  devoted  to  observa- 
tions   maae  it  impossible  to  cair^  out  any  extended  test  by 
other  methods  and  no  final  conclusion  was  reached  as  to  the 
r  egular  ity  of  the  3 crew. 

A  test  of  the  wire  Intervals  attempted  at   the  same  time 
methods 

and  by  similar  4n-cei-va±3  tas  of  course  open  to  the  3ame 
difficulties.  The3e  intervals  were,  however,  tested  indirectly 
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tiS  follows; 

In  Table  V  with  each  result  i3  placed  the  wixe  or  wires 
u3ed  in  the  observation.  Of  the  290   results  thexe  given  146  wexe 
determined  from  observations  in  which  a  single  wire  wa3  used.  In 
the  case  of  the   xemaining  144  results  diffeient  wire3  wexe  ^sed 
in  observing  the  north  and  south  atars  of  the  pair.   In  a 
large  majority  of  the  case3  where  the  north  star  wa3  observed  on 
the  wii e  of  lower  number  the  result  is  lower  than  5b".  Where  the 
north  stax   was  observed  on  the  wiie  of  highex  number  the  xesult 
is  usually  more  than  3b".  The  arithmet ical  avexage  foi   all  such 
observations  on  a  single  pair  is  invariably  lower  in  the  former 
ca3e  and  higher  in  the  latter  with  the  exception  of  the  following 
cases;        The  single  observation  of  pair  XV  made  on  August  11 
under  adverse  conditions  with  the  south  star  on  wire     II  and  the 
north  star  on  wire  III  gives  36S08  as  a  result.  The  mean  of 
three  observal ions  of  pair  X    with  the  north  star  on  wire  III  and 
the  south  star  on  wire  IV  gives  385  81,   the  high  average  in  this 
case  being  due  to  the  observation  of  July  21  which  gave  43.26, 
one  of  the  largest  results  obtained  during  the  work.   Thexe  was 
probably  an  error  in  the  level  leading.    (See  Table  IV.) 

Table  VI  gives  the  material  from  which  the  statements 
above  are  gleaned,     the  three  columns  undex   "Average  results" 
giving  respectively,   the  averages  fox  ob3exvations  with  the 
south  stax  on  the  wire  of  higher  numbex  ,   fox-  observations  on  a 
single  wire,     and  for  observations  with  the  north  3tar  on  the 
wire  of  higher  number.     Before  this  Table  was  constructed  the 


final  corrections  of  the  declinations  were  made.     It  3eems  to  be 
pretty   conclusively  3hown  by   ihe  Table  that  the  values  usea  for 
the  wire  intervals  were  not  accuiate,  and  that  in  all  probability 
a  more  satisfactory  value  of  the  latitude  could  be  obtained  by 
rejecting  the  values  in  which  two  wires  wei e  used  unless  it  were 
possible  to  correct  the  wire  intervals. 

The  last  two  columns  of  the  Table  give  the  corrections  in 
the  cases  of  pairs  wheie  some  of  the  observations  were  on  one 
wire  and  others  on  more  than  one.  Unfortunately  the  data  is 
insufficient  to  permit  of  the  determination  of  a  correction.  It, 
is    po33ible  that  there  may  be  in  the  discussion  above  the 
suggestion  of  a  satisfactory  way  of  de termining  wire  intervals. 
It  has  the  advantage  of  giving  an  interval  determined  under 
working  conditions. 


TABLE  VI. 

Average  results  for  Fairs  grouped  by  wires  used. 

The  columns  give;   the  pair-,   the  numsei   of  observe Lion3  on 
two  wires  and  on  une  wire,   the  wire  u3ed,   the  average  results 
with  the  3outh  3tar  on  the  wire  of    higher  number,  with  both 
stars  on  the  same  wi  1  e ,     with  the  north  star  on  the  wire  of 
higher  number,   the  collection  with  the  wire  interval. 

A  parenthesis  in  the  column  of  avei age  results  indicates 
that  the  ^alue  13  from  a  3ingle  ob3eivation. 
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SECTION  V. 


Final  determination  of  the  declination. 


As  indicated  in  section  IV,   it  wus  assumed  that  the  single 
fletei minat ion  of  the  declination  from  the  oafford  and  Ambronn 
catalogues  was  sufficiently  accurate  foi  use  in  the  reductions, 
and  that  a  corxection  could  be  adaed  to  the  results  when  the 
final  determination  of  the  declination  had  been  made.   It,  wtt3 
assumed  that  a  correction  of  the  declination  for  1909.0  would 
be  sufficiently  accurate  without  deteimining  specifically  the 
collections  for  the  apparent  declinations  as  given  in  iable  III. 

Table  VII  give3     a  li3t  of  the  catalogues  used  in  deteimin- 
ing the  final  values  of  the  declination  foi   1909.0.   ihe  epoch  of 
the  catalogue  and   the  method  of  reduction  wei e  the  main  factoxs 
in  deciding  the  weight  of  the     declinations  taken  from  it. 


These  corrections  were  added  to  the  results  which  were  used  in 
the  final  determination  of  the  mo3t  probable  value  of  the  latit- 
ude. 


Table  VIII  gives  the  final  correction 
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TABLE  VII. 

Star  Catalogues  U3ed  for    the  final  Determination  of  6  . 


The  columns  from  the  left  are  as  follows;  1)  name  of 
catalogue,  and  abbreviation  used  in  Table  X,  &)   epoch,  3)  methoa 
used  in  reducing  the  declination  to  1909.0,  <*)  weight  used  in 
getting  the  final  value  of  the  declination. 


Catalogue.  Epoch.     Method  of  heduction.  Weight. 


Ilame-Abbreviat  ion# 
Safford  S 
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lB7o 
167  o 
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(See  Sect.   II ,  p  14. ) 
Secular  variation  used. 

1. 
1. 

Greenwich 

1890 

Secular  variation  used. 

'<i . 

Jreenwich 
Am  b  i' o  mi 
Newcomb 
Eoss 

A 

11 

B 

1900 
1900 
1900 
1900 

Secular  variation  used. 
Yearly  variation  U3ed. 
Oentenial  variation  used. 
Secular  variation  used. 

3. 
2. 

3. 

Amer . Naut .Aim. 
Brit*  Naut.Aim. 

AN 
BN 

•  1 

1909 
1909 

Direct  reading 
Direct  leading. 

■ 

5. 

#See  Bibliography  for  full  titles. 


TABLE  VIII. 
Declination  Coxxection3. 

The  columns  f i  om  the  left  are  as  follows;  1)   the  pair, 
<±)   star  number  or  constellation,  3)   catalogue,   (For-  abbrevia- 
tions see  Table  IX.),  4 )  catalogue  star  number,  o)  magnitude, 
6)6    foi   1909.0,   7)    "  of  corrected  6    ,  b)   value  of  /^4-/-<S*> 
used  in  the  reductions,  9)   corrected  value  of  i:  (£.,+  S^)  ,  10) 
the  collection  to  be  added  to  the  results  of  the  reductions. 
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SECTION  VI. 

Determination  of  the    most  probable  value  of  the  Latitude 

and  of  the  probable  error. 
ft 

Hayford's  aescript ion  of  the  application  of  Least  Squares 
to  this  problem  has  been  followed  in  the  final  determination. 

If  p  is  the  total  number  of  pairs  observed,  n  the  total 
number   of  observations,  and  (AAjthe  sum  of  the  squares  of  the 
residuals  of  ail  observations,  obtained  in  each  instance  bj 
subtracting  the  mean  result  for1  a  pair-  from  the  various  particu- 
lar results  for  that  pair,  — then  the  probable  error,  SL  ,  of 
a  single  observation  is  given  b^    the  formula; 

£a,I^iM  Co) 

V  K-^\ 

If  (jV'vil  is  the  sum  of  the  squares  of  the  residuals  ootained 
by  subtracting  the  mean  result  for  the  station  from  the  mean 

result  for  each  pair,           then,  i^,,   the  probable  error  of  the  mean 

result  from  any  one  pair  is  given,  with  sufficient  accuracy, 
by  the  formula;   

n  __v  /Loss 

V*V  17) 

If  a/  ,  nx,  n3  ,   etc.   are  the  number-  of  results  used  from 

the  successive  pairs  ana  -—-  (—  +  —  ■+-  — h  1 

then  the  probable  error  of  the  mean  of  two  declinations,  _£  , 

S 

is  Jiven  with  sufficient  accuracy  by  the  formula; 

£s=  Vm.;-  e  w 

The  weights  for-  the  mean  results  from  the  separate  indepen- 


3ee,  Hayford's  Jeodetic  Astronomy,  Art.  155. 


m  ;>  Ml 


dent  pairs  are  proportional  to; 

/  /  / 


0<x 


The  most  probable  value  of    (j>0   is  then  given  by  the  formula; 

A)  -     ^ tJ**  &±  ^  A  (9) 

/U/7  -f-  /u^-*-  H-  ^ir^ 

where  w,  and  A  are  the  weight  and  the  mean  result,  respec live- 
ly for  the  first  pair,  and  (£>  for  the  second  pair,  and  so  on. 

If  [mt]  i3  the  sum  of  the  weights  and  jMr^x]  is  the  sum  of  the 
products  of  the  weight  for  each  pair  by  the  square  of  the  resid- 
ual   obtained  by  subtracting  (J)o  from  the  mean  result  for  thai 

pair,-      then  the  probable  error, £  ,   is  given  b^    the  formula; 

r   f 

Tables  IX  and  X  give  the  values  of  the  quantities  used  in 
the     calculations     of  the  most  probable  value  of  the  latituae 
and  its  probable  error.       The  computations  themselves,   in  3o 
far  as  they  are    not  included  in  the  tables,  are  given  on  page^9. 


TABLE  IX. 
Values    of    A  A 
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Probable  error,  SL  ,  of  a  single  obaeivation; 


logO. 455  9.658011 

loJ  &AJ  ^.403091 

colog(n-ij)  7  .8860o7 

log  jZZ  9.947159 

log  SL  9.973580 

jC*  0.68o 

-C  0.941 


Probable  error,  ^  ,  of  the  mean  result  H  orn  any  one  paii  ; 

log(6.455)  9.658011 
log  0*r}  1.1135/6 
COlOg(p-l)  8.b<i3909 


log 
log  a 


9.595496 
9.  79  7 7<rb 


■±  0 .  o^b 


Fiobable  err 01 ,     O     ,  of  the  mean  of  two  declinations; 


log  £x 

9.947159 

log 

0 . i_<6<±360 

colog  p 

8. 795880 

log  £z 

9.4:07399 

0  •  25  6 

0.394 

0.138 

^  0.371 

ro3t  probable  value,  (£0  ,  of  the  latitude; 

(18S72.75  6«r510  «37.ki01)       4^°  3  / ^0i> 

Probable  error,  ^,of  the  latitude; 

Ipg   (0.455)         9.6ob011  log     J^l  b.3*ki808 

lo^    \Mrtv'xJ  £.o6b~tob  log     £  9.r/l-*0'* 


COlog(p-l)  8.b<d3909 


coloj  [V)  7.292430  si  =*=u,14fa 

0   
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Note  on  the  use  of  books. 

Chauvenet's  Astronomy  was  used  throughout  a3  a  general 
guide  in  all  theoretic  work,  particularly  in  Sections  I  and  II. 
Hayford's  Astronomy  was  U3ed  as  a  guide     in  the  matter  of 
technical  details  in  the  main  problem  of  the  paper,  particularly 
in  Sections     III,   IV,  and  VI.      Young,  Loomis,  and  Jreene,  were 
lead  in  connection  with  the  discussion  of  Section  I. 

Lhe  Safford  and  Ambronn  catalogues  were  used  in  selecting 
the  original  star-list,    (See  Table  II.),  and  with  the  other 
catalogues     were  consulted  in    deteimining  the  final  values  of 
the  declinations  in  Section  V. 
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